An adjusted assessment model based on benefit-cost analysis (BCA) is proposed for evaluating the economic efficiency of automated construction technologies. In contrast to conventional BCA, the model does not compare monetary values, but the differences in benefits and costs between traditional and automated construction methods. To verify the usefulness of the model, it was applied to a real-scale building construction project that used a fully automated building construction system, and the face validity of the model was confirmed. The results indicate that the model can support decision makers in identifying valuable benefit factors and in assessing the cost effectiveness of the system.
Introduction
Many studies have attempted to integrate robotic technologies with construction technologies to solve the industry-wide problems of increasing costs, declining productivity, skilled-labor shortages, safety, and quality control [1] . Although automated systems may improve productivity in the construction industry by substituting robots for humans, they have not been widely applied [2] because there are few methods of assessing such systems effectively.
Previous studies have conducted partial performance assessments of technologies. Lee et al. [3] developed a machine-vision-assisted teleoperated pavement crack sealer, and evaluated its productivity only. Ham et al. [4] developed road-stripe-removing equipment to save on labor and prevent traffic accidents. This equipment was evaluated with respect to productivity improvement, quality, and safety. Woo et al. [5] developed a robotic system for road-lane painting and evaluated the performance and capacity of the robot, focusing on quality. In these studies, the evaluated performance measures concentrated on the successful development of the system. However, most stakeholders are interested not only in successful development but also in the cost effectiveness of the system when it is applied on a job site. Thus, an additional approach is required that shows the overall effectiveness of a system. Benefit-cost analysis (BCA) has been used to evaluate the efficiency of new technologies in the construction industry. Li and Madanu [6] proposed an uncertainty-based methodology for a highway project-level life-cycle BCA that handled certainty, risk, and the uncertainty inherent in the input factors of the computation. Application of this methodology required the collection of a large amount of data. Zhou et al. [7] conducted a study to assess the effects of access control near freeway interchange areas; their study evaluated the safety, operation, and fiscal benefit of purchasing an additional limited-access right-of-way at an interchange area, and they used the accumulated cost data to compute the benefits and costs. Jang and Skibniewski [8] performed a BCA in terms of labor productivity for an embedded sensor system for construction material tracking by using scenario-based simulation based on information collected from interviews with experts. In addition, Shin et al. [9] used BCA as a decision support tool to select the slab formwork system for high-rise building construction. They evaluated benefit and cost factors, duration, the cost of construction, quality, and safety of each alternative, based on a survey of an expert group from the construction field.
Benefit factors such as the quality and safety of each alternative were used in the above applications of BCA to estimate appropriate costs based on the experience of the decision maker or historical cost data. But it is not easy to apply conventional BCA to assess the performance of automated construction technologies. To implement BCA to evaluate a new system or method, the benefits need to be converted to money. However, there is currently a paucity of the data that would enable this to be accomplished. Thus, if the decision-making process for evaluating the automated construction method is revised to be a decision based on differences in benefits and costs, instead of a decision based on monetary value, it would be helpful for a decision maker or a practitioner to understand the effectiveness of a system in terms of simple figures. Therefore, we propose an adjusted BCA model to evaluate the application of an automated construction system. To identify the usefulness of the model, it is applied to a real-scale automated construction system that has been recently completed as a huge research project in South Korea. The model is also verified using face validity.
Framework of assessment model

Benefit index
The benefit index (BI) quantifies the benefit in terms of the difference between the traditional and automated construction methods. It is defined in Eq. [1] and is the sum of the degrees of each benefit factor. Each benefit factor has a different value depending on its importance. Thus,
where n is the number of subtechnologies in the system and m is the number of benefit factors. W is a matrix giving the weight of each factor and is calculated by the analytic hierarchy process (AHP); S is the score matrix for each subtechnology. The elements t11, t22, …, tnn are the BIs of subtechnologies 1, 2, …, n, respectively.
The benefit factors are developed using the Delphi method, which was originally developed as a systematic interactive forecasting method; this method relies on a panel of experts [10] . The weights of the benefit factors are assigned using the AHP [11] .
Cost index
The cost index (CI) is the ratio of the traditional construction costs, represented by CT, to the automated construction costs, represented by CA. The variable CT is calculated using cost estimations per unit of construction from the Korean standard quantities [12] . The variable CA is measured using the cost breakdown structure (CBS) of the system, as shown in Figure 1 . Because the automated system is new, the cost data are inadequate, and so the CBS was built by focusing on the cost items of the technologies. The main costs incurred are for the steel structures, the construction factory (CF), the intelligent tower crane, and the bolting robot. Each cost is specified and itemized by production, operation, installation, disassembly, lease expense of equipment, and labor and materials. CA is calculated and compared with CT, and the CI value is then calculated as follows: 
Performance index
The performance index (PI) is determined by Eq. [3] . To calibrate the difference in scale between the BI and the CI, an adjustment coefficient, , is considered. When defining the BI, it is difficult to determine if, for instance, a new technology is twice as good as an old technology. On the other hand, because the cost items of a new system may contain many additional factors that have not been used in conventional methods, the new CI can be much higher than the previous index. The adjustment coefficient was developed using the Wideband Delphi technique [13] , which is a useful technique for reaching a conclusion regarding an issue when the only information available is based more on "expert opinion" than on actual empirical data [14] .
The PI value indicates the degree of cost effectiveness. A PI greater than 1.0 means that the benefit difference is larger (i.e., the innovation has better performance) than the cost difference. Thus,
3. Case study
Case description
The model was applied to an automation project being developed by the Research Center for Construction Automation (RCA) for High-Rise Buildings [15] , as shown in Figure 2 . The test-bed building (a steel structure with a reinforced concrete core, 3,300m 2 in area) at Korea University in South Korea has seven floors. The traditional method was adopted for floors one to three, and the automated construction system was adopted for floors four to seven. The RCA system has four core systems: 1) monitoring and control, 2) material assembly, 3) beam assembly, and 4) the CF. These systems are shown in Figure 2 . In the monitoring and control system, the data from the system sensors are gathered using the integrated system protocol. Then, the real-time progress management system and the real-time visualization system [16] , which are subsystems of the monitoring and control system, examine the construction progress and display its status in three dimensions.
In the material assembly system, materials and structural steel frames are transported to the CF using a tower crane installed at the core of the building. Then, the frames are assembled semiautomatically by design for automation (DFA) technology developed by Jin et al. [17] . A beam assembly system transports the bolting robot system to the working space in the CF and executes the bolting process [18] .
Data gathering and processing
BI
The benefit factors were determined using the Delphi method, targeting four experts in construction and four experts in mechatronics to identify each benefit factor. A four-round Delphi survey was conducted, and the factors were divided into three classes: quality, productivity, and safety. Table 1 gives a detailed description of these factors. To obtain the matrix W in Eq. [1] , an AHP was performed based on the relationships between the benefit factors listed in Table 1 . Pairwise comparisons using a scale of 1-9 were used to evaluate the relative importance of each factor [19] . To evaluate the matrix S in Eq. [1] , a questionnaire was designed with pairwise comparisons also using a scale of 1-9 and the responses were collected from two groups (28 completed responses from experts in developing core technologies and pilot-project workers). The questions corresponding to each factor are shown in Table 1 .
Using Eq.
[1], the total BI was calculated as 1.20 with a 95% confidence level and a sampling error of ±0.12%. The detailed results for each benefit factor are listed in Table 2 . The confidence level of all the factors is 95%. 
CI
As reviously mentioned, the four cost items of an automated construction system integrated by core technologies are the steel structure, the CF, the intelligent tower crane, and the bolting robot. The detailed costs of the various items of the automated construction system are listed in Table   3 , including the core technologies (steel structure, CF, intelligent tower crane, and bolting robot). The CI is calculated using CA and CT, USD 862,073 and USD 103,218, respectively, and recalculated by cost per floor: CA is USD 215,518 per floor and CT is USD 34,406 per floor. The CI of the RCA system is therefore 6.26 (from Eq. [2] ). 
PI
The adjustment coefficient was determined by the Wideband Delphi technique. Five experts on this system were invited to determine the coefficient. Using Monte Carlo techniques with 5000 iterations, three values of the coefficient were calculated. The minimum, maximum, and most likely values are 2.2, 3.9, and 3.1, respectively. From Eq. [3] , the expected PI value of an automated construction system in Korea was calculated to be 0.77 with a 90% confidence band. The upper limit on the 90% confidence band is 0.86, and the lower limit on the 90% confidence band is 0.68.
Model validation
To validate the assessment model, face validity, which involves an interview and survey with the end users, was performed. Five end users were selected for the validation and individual interviews were performed. The results show that the adjusted model can support the decision-making process usefully; however, more detailed information on the benefits and generalized cost breakdown structure is required for further research.
Discussion
The PI indicated that the system was not sufficiently cost effective for application to a real jobsite at this time. From the BI, if the system were applied to a construction project, a benefit of about 20% over the traditional method would be offered; specifically, it could improve jobsite and construction process safety. As suggested in previous studies, this automation system for the construction industry concentrated on substituting mechanical systems for human labor. This result proves the requirement quantitatively. In other words, the calculated BI value of "Ease of Work" is 1.34, which is the highest of all the subfactors; however, its weight factor value is 0.0783, which is the second lowest. When the expected benefits that are directly related to the system's objective were determined, the function "Ease of Work" is less important than the others for the automation system. However, after development of the automation system had finished, the system showed an unexpected disadvantage.
In terms of the CI, the automated construction cost is about six times the traditional construction cost. Regarding the automation system, new cost items related to the robot and other mechanics became apparent. Although the benefits of improved safety and recycling cost times were included, the new equipment costs are too high. This is because the system was developed for high-rise buildings with at least 40 stories, but the pilot project is only a seven-story building. If the building were expanded to 40 stories, the proportions of the cost items would change, as shown in Figure 3 , because the material cost of the steel frame increases, and so the cost of the automation equipment would be spread over a larger building cost. Compared with a seven-story building, the proportion of cost for the automation equipment was adjusted from 87% to 36%. Thus, the cost will decrease as the number of stories increases, increasing the repetition of steel fabrication work, and the construction duration will decrease relative to the size of the project. This may decrease the CI. This model provides three significant values to assess the automation system. Regarding the BI, the model's user can quantitatively identify the kinds of factors that are improved by the automation system and the relationship between factors. From the CI, the user can find the proportions of cost items when the system is applied. In addition, the cost breakdown structure provides information on how to calculate the automation construction cost. Finally, the PI can support the decision-making process by providing relevant figures. 
Conclusion
An adjusted model has been proposed to assess automated construction methods based on various scientific approaches, including the Delphi, Wideband Delphi, and Monte Carlo techniques. The conventional BCA model was revised based on differences in benefits and costs. To verify the usefulness of the proposed model, a real construction project constructed by an automation system was considered and its face validity was confirmed. The use of the model can support a decision maker interested in developing a new system. In addition, the approach of using the variances between two construction methods may be applicable to other construction development projects as well as to other industries.
Although the result is not ideal, it is nonetheless a meaningful outcome. First, an adequate assessment model was introduced to evaluate the economic efficiency of robotic construction technologies. This model not only can help practitioners to understand the economic effectiveness of the application of robotic technologies to the construction industry, but also help engineers to decide whether or not to use these new technologies. Second, the study enables a better understanding of the influence of sub-technologies on costs and the areas in which more development is required. This could lead to careful investment into the improvement of automated construction systems, minimizing the trial and error that is common in the initial development of new technologies.
